The quality of theoretical prediction of O-H stretching frequency shifts upon π-hydrogen bonding is analyzed for series of ten complexes between monosubstituted phenols and hexamethylbenzene. Computed O-H frequencies from density functional theory computations at B3LYP/6-311++G(2df,2p) were compared with literature spectroscopic data. The results reveal that the applied theoretical method predicts with an excellent accuracy the O-H frequency shifts [Δν(OH)] upon π-hydrogen bond formation. Comparisons with analogous theoretical and experimental data for benzene complexes with substituted phenols reveal the magnitude of the methyl groups' hyperconjugative effects on interaction energies and frequency shifts. The induced by phenol substituents variations in bonding energies and Δν(OH) are rationalized using theoretically evaluated and experimental parameters.
INTRODUCTION
Vibrational spectroscopy has provided rich experimental information on hydrogen bonding [1] [2] [3] [4] [5] . This method has also been instrumental in studies of π-hydrogen bonds [6] [7] [8] . The advances of computational quantum chemistry have opened possibilities for gaining deeper insights into the nature of this type of noncovalent interactions that are of key importance in biology, chemistry, and materials science [9] [10] [11] [12] [13] [14] . The present study aims at examining properties for series of complexes of hexamethylbenzene with monosubstituted phenols by a combined application of computational and spectroscopic data. The O-H stretching frequency shifts upon complex formation provide an excellent basis for quantifying the effects of structural variations on the processes. The experimental data considered in the present research are taken from the work of Seguin et al. [15] . Our principal interest was in examining how well theoretical computations employing the widely applied B3LYP functional will perform in evaluating properties of the studied complexes. We also focus on analyzing the effects of substituents in the phenolic aromatic ring. By comparisons with previously obtained analogous computational and spectroscopic data for benzene [16] , the role of the methyl hyperconjugative effects in hexamethylbenzene on the strength of π-hydrogen bonding is also assessed.
The usual interpretation of substituent effects in the proton-accepting aromatic ring considers their electron withdrawing and releasing effects on the π-electron system [17] [18] [19] . An alternative interprettation emphasized the direct interaction between the polar aromatic substituents and the approaching proton-donating molecule [20, 21] . Sherill et al. [21] [22] [23] and Lee et al. [24] have shown by using symmetry adapted perturbation theory (SAPT) [25] computations that the ratio between attractive (electrostatic, dispersion, induction) and repulsive (exchange) terms defines the effects of aromatic substituents.
Recent vibrational Stark spectroscopy studies of Saggu, Levinson and Boxer [26, 27] on the π-hydrogen bonded complex of phenol and benzene revealed a dominant role of the electrostatic interaction energy in complex formation. The experimentally determined electrostatic interaction energy compared well with the theoretically derived from DFT computations. Vibrational echo spectroscopy study on the same interaction revealed that the time constant of the complex was only 8 picoseconds [28, 29] . In a previous work, we presented results from an IR spectroscopic and theoretical investigation for a series of 20 π-hydrogen-bonded complexes of monosubstituted phenols and benzene [16] . Correlation analyses employing a number of experimental and theoretical quantities revealed a dominant role of the acidity of the proton donating phenols on complexation energies. Banerjee and Chakraborty [30] reached similar conclusions in their study of complexes of fluorosubstituted phenols with benzene. Zhou et al. [31] conducted a detailed theoretical study of the various geometries of phenol-benzene π-hydrogen bonded complexes.
In the present research, we examine the interaction of ten monosubstituted phenols with hexamethylbenzene. As mentioned, the selected molecules provide a possibility for analyzing the role of methyl hyperconjugative effects on the complex formation. In this respect, it was also of interest to assess how well different theoretical approaches will quantify the expected increased electron density over the aromatic ring in hexamethylbenzene. The theoretical analysis is validated by comparisons with the experimental IR O-H frequency shifts upon π-hydrogen bonding as determined by Saguin et al. [15] for CCl 4 solutions.
COMPUTATIONAL MEHTODS
DFT computations employing the B3LYP functional [32] [33] [34] combined with the 6-311++G(2df,2p) [35] basis set for a series of ten hydrogen-bonded complexes between monosubstituted phenols and hexamethylbenzene were performed. All computations employed the Gaussian09 program [36] . The optimized structures were verified to be minima of the potential energy surfaces with the aid of harmonic frequency computations. The interaction energies are corrected for basis set superposition error (BSSE) using the counterpoise procedure [37] . The computations employed the IEFPCM method [38] to simulate the experimental conditions (CCl 4 solvent) of the recorded infrared spectra [15] . A number of theoretical quantities were employed in rationalizing the effects of phenol substituents on interaction energies and shifts of O-H stretching frequencies. These included the NBO [39] and Hirshfeld [40] atomic charges as well as the electrostatic potential at nuclei (EPN). EPN was first introduced by Wilson in 1962 [41] . In a number of studies from our laboratory, we have established that EPN is a remarkably accurate descriptor of the abilities of specific atomic centers in molecules to form hydrogen bonds [42] [43] [44] [45] [46] [47] and also in quantifying chemical reactivity [48] [49] [50] [51] . In later years, EPN values have been successfully employed by other authors in examining reactivity trends [52] [53] [54] [55] [56] [57] [58] [59] [60] . Politzer and Thruhlar [61] defined the electrostatic potential at nuclei Y (V Y ) by Eqn. (1):
In this relationship, the singular term for nucleus Y is excluded. Z A is the charge of nucleus A at position R A . and ρ(r) is the electron density function. The electrostatic potential at nuclei is a rigorously defined quantum mechanical quantity. Figure 1 illustrates the computationally evaluated structure of the complex between phenol and hexamethylbenzene. All ten studied complexes are characterized by a T-shaped structure with nearly perpendicular orientation of the proton donor phenols with respect the hexamethylbenzene ring (Figure 1 ). As seen, two π-hydrogen bonds are simultaneously formed. The first is between the phenolic O-H bond and the π-electron system of hexamethylbenzene, while the second involves the ortho C-H bond. The O-H ..... π-hydrogen bond is much stronger with distance from the O-H hydrogen to the nearest ring carbon of 2.45 Å. The distance from the C-H hydrogen to the nearest carbon is 2.95 Å. Comparisons with to the structure of analogous complexes of substituted phenols with benzene [16] , reveals some distinct differences ( Figure  1 ). Although the latter complexes also have Tshaped structure, the O-H and C-H bonds for the lowest energy isomers points toward the middle of the respective closest C-C bonds in the benzene ring (Figure 1 ). In the complexes with hexamethylbenzene, the two π-hydrogen bonds point toward ring edges ( Figure 1 ).
RESULTS AND DISCUSSION
As emphasized, it was of interest to examine how well the employed B3LYP DFT functional would perform in predicting properties of the investigated π-hydrogen bonded complexes. The availability of experimental Δν OH shifts for the systems studied provides an experimental verification of the theoretical results. The variations of C-H stretching frequencies, participating in π-hydrogen bonding, were only obtained from theoretical computations. These frequency shifts were determined for the respective tetradeutero phenols, in which the C-H bond participating in complex formation remains undeuterated. The theoretically estimated and experimental [15] frequencies for the studied complexes are shown in Table 1 . and benzene (right) from B3LYP/6-311++G(2df,2p) computations. by the B3LYP/6-311++G(2df,2p) computations. Along the entire series of π-hydrogen bonded complexes, the coincidence between theoretical predictions and experiment for the magnitude of frequency shifts is indeed very good. These results illustrate the power of the employed DFT method [B3LYP/6-311++G (2df, 2p)] in evaluating vibra-tional spectroscopic properties of the studied systems. Figure 2 illustrates the plot between theoretical and experimental Δν OH . The dependence is characterized by a good correlation coefficient (r = 0.976). It should, of course, be emphasized that the experimental frequencies include anharmonic effects. Thus, the obtained nice correspondence between observed and theoretical (harmonic) Δν(OH) may be regarded as somewhat fortuitous. Nonetheless, the anharmonic effects on the O-H stretching frequency are expected to be quite consistent along the investigated series of structurally closely related systems.
The trend for the C-H bond stretching frequency is reverse. For all studied complexes, the theory predicts blue shifts of the respective C-H frequencies upon complexation. These results are in accord with the previously reported data for the complexes of benzene with substituted phenols [16] . The weakening of the O-H bonds and strengthening of C-H bonds is well illustrated by the computed bond lengths ( Table 2) .
The O-H bonds are clearly elongated upon complexation. Literature studies [62] have shown that the process is accompanied by a transfer of electron density from the proton accepting π-system to the antibonding σ * X-H orbital of the proton donor resulting in weakening of the bond. This also is reflected in the red-shifting X-H stretching frequency. The blue shifting hydrogen bonding is dominated by dispersive interactions resulting in shortening and strenthening of the respective X-H bonds [23, 62, 63] . Table 2 reveals a satisfactiory correlation (r = 0.966) between r OH in the formed complexes and energies of hydrogen bonding.
The BSSE corrected interaction energies are also given in Table 1 . Satisfactory coorrelations between ΔE and O-H frequency shifts are obtained (see the correlation coefficients in the last two rows of Table 1 ). Comparisons of computed hydrogen bonding energies and O-H frequency shifts for complexes of substituted phenols with hexamethylbenzene and with benzene as proton acceptors are presented in Table 3 . The experimental and theoretical (using the same level of theory) data for benzene are from our earlier study [16] . These comparisons reveal the effects of methyl hyperconjugation. Much higher hydrogen bonding energies characterize the complexes of phenols with haxamethylbenzene. In the case of the unsubstituted phenol as proton-donating species, the interaction energy is almost twice as high compared to the complex with benzene (Table  3 ). These observations clearly indicate a substantially increased electron density over the hexamethylbenzene ring, which facilitates the complex formation. Figure 3 compares the theoretically estimated EPN values and Hirshfeld atomic charges at the aromatic ring carbons in monomeric hexamethylbenzene and benzene. Contrary to expectations, Hirshfeld population analysis shows lower negative charges at the ring carbons in hexamethylbenzene compared to benzene. In contrast, the EPN values provide more accurate picture of the charge distribution in the two molecules. More negative electrostatic potentials at the point of the ring carbons indicates increased negative charges in the neighborhood, in harmony with the expected increased electron density. It should be emphasized that EPN values reflect complex influences of all negative and positive charges in the molecule (see Eqn. 1). Nonetheless, it was clearly demonstrated, that EPN at aromatic ring carbons reflects in a consistent way the effects of substituents in aromatic systems [51] . Three theoretically evaluated parameters (NBO and Hirshfeld atomic charges, EPN values) were employed in rationalizing the effects of substituents in the proton-donating phenols on the energies of complex formation with hexamethylbenzene. In addition, the experimental pKa values for the different phenols were also considered. In our previous study on complexes between benzene and substituted phenols [16] , the phenol pKa acidity constants best described the trend of interaction energy variations. Hydrogen bonding energies, pKa values, and the evaluated theoretical parameters are shown in Table 4 . The correlation coefficients for the plots of ΔE with these quntitieas are given in the last row of Table 4 . Surprisingly, the pKa values do not provide a fully satisfactory description of the observed variations in interaction energies. The two types of atomic charges considered, do not perform well in explaining the trends of changes of π-hydrogen bonding energies. The best obtained correlation is with the EPN values at the phenolic O-H hydrogen in isolated phenols (V H ). The less negative V H at the O-H hydrogen under the influence of electronwithdrawing substituents (NO 2 , Cl, F) corresponds to greater ability of these hydrogen atoms to participate in hydrogen bonding. Inversely, the electrondonating substituents (CH 3 , OCH 3 ) lead to more negative V H values and lower strength of the formed π-hydrogen bonds. These results confirm the good predictive power of the electrostatic potential at nu-clei as reactivity descriptor for the hydrogen bonding in series of related molecules [42] [43] [44] [45] [46] . The computed electrostatic potential at the O-H hydrogen provide best description of the ability of the monomeric phenols to form π-hydrogen bond with the hexamethylbenzene π-system. 
CONCLUSIONS
Theoretical computations at B3LYP/6-311++G(2df,2p) predict quite accurately O-H stretching frequency shifts induced by π-hydrogen bonding between hexamethylbenzene and a series of substituted phenols. Comparisons with literature theoretical and experimental data for analogous Tshaped complexes of benzene with phenols provide an insight into the effects of methyl hyperconjugation on complex formation. Much stronger complexes with hexamethylbenzene are formed as reflected in computed energies as well as in observed and predicted Δν(OH) shifts.
